INTRODUCTION
The RNA polymerase II promoter is a key region that regulates differential transcription of protein coding genes. Genespecific architecture of promoter sequences makes it extremely difficult to devise a general strategy for predicting promoters. Promoter 5 0 -flanking regions are especially poorly described and understood. They may contain dozens of short motifs (5-10 bases) that serve as recognition sites for proteins involved in transcription initiation and specific regulation of gene expression. Each promoter has unique selection and arrangement of such elements, which results in unique patterns of gene expression. There have been several reviews of promoter prediction approaches published recently (1) (2) (3) (4) (5) .
The core promoter is a minimum promoter region that is capable of initiating basal transcription. It contains transcription start site (TSS) and typically spans from À60 to þ40 relative to the TSS. About 30-50% of all known promoters contain TATA-box located $30 bp upstream of the TSS. TATA-box is apparently the most conserved functional signal in eukaryotic promoters and in some cases can direct accurate transcription initiation by POLII, even in the absence of other control elements. Many highly expressed genes contain strong TATA-box in their core promoter. However, in some large groups of genes, like housekeeping genes, oncogenes and growth factor genes, TATA box is often absent, and the corresponding promoters are referred to as TATA-less promoters. In these promoters, the exact position of the transcription start point may be controlled by nucleotide sequence of transcription initiation region (Inr) or recently found downstream promoter element (DPE), typically observed 30 bp downstream of the TSS (1, 6, 7) .
The region 200-300 bp immediately upstream of the core promoter constitutes the proximal promoter. The proximal promoter usually contains multiple transcription factor binding sites, which are responsible for transcription regulation. The distal part of the promoter (usually known as enhancer/silencer elements) is located further upstream and may also include transcription factor binding sites (3) (4) (5) .
The first comprehensive review of performance of many general-purpose promoter prediction programs was presented by Fickett and Hatzigeorgiou (8) . Although their relatively small test set (18 sequences) had several problems (9) , the results demonstrated that tested programs can recognize just about 50% of promoters with a false positive rate of about 1 per 700-1000 bp (for more recent related reviews, see 3,9 and 10). Ohler et al. (9) used interpolated Markov chains in their approach and claimed to have slightly improved promoter prediction results, though they identified the same 50% of promoters from data set as Fickett and Hatzigeorgiou, while having one false positive prediction for every 849 bp. Later, to improve their own eukaryotic promoter recognition, Ohler et al. (11) applied an approach integrating some physical properties of DNA (DNA bendability, GC content) into their probabilistic promoter recognition system, McPromoter, and achieved a reduction of about 30% of false positives, compared with a model solely based on sequence likelihoods. The initial version of TSSW (12) had an accuracy of 42% with the false positive rate of 1 per 789 bp. Another promoter identification program, Promoter 2.0, was designed by Knudsen (13) applying combination of neural networks and genetic algorithms. Promoter 2.0 was tested on recognizing promoters in a complete adenovirus genome (35 937 bp). The program predicted all five known promoter sites on the plus strand and 30 false positive promoters. The average distance between actual and closest predicted promoter was about 115 bp. The TSSW program with the threshold to predict all five promoters produced 35 false positives, but its average distance between predicted and known TSS was just 4 bp (two promoters predicted exactly, one with 1 bp shift, one with 5 bp shift and the weakest promoter was predicted with 15 bp shift).
The current draft of human genome sequence provides a base for several annotations of genes, both known and predicted. These annotations, however, do not include promoters. Mapping known EST and mRNAs does not help: these sequences are usually 5 0 -incomplete. The first attempt to map promoter locations to the chromosome 22 sequence was based on the PromoterInspector program (14) . The program can identify about 50% of known promoters as genomic regions up to 1 kb in length by discriminating them from the exon, intron and 3 0 -UTR sequences. Recently, Bajic et al. (15) reported the Dragon Promoter Finder (DBF) program, which uses sensors for three functional regions: promoters, exons and introns, and an artificial neural network. Judging by authors' estimates, that approach has a higher accuracy than the three other compared promoter finding programs: NNPP2.1 (16), Promoter2.0 (13) and PromoterInspector (17) . Another novel hybrid machine-learning method was reported by Down and Hubbard (18) that is able to predict >50% of human TSS with a false positive rate <30%.
Since gene prediction programs have a much greater accuracy than promoter prediction approaches, we suggested a different strategy of promoter identification. Instead of using classifiers to separate promoter regions from exon, intron and 3 0 -UTR sequences, we use upstream 5 0 -regions of annotated genes. Since 72% of such genes encode proteins similar to known proteins, these regions represent actual 5 0 -sequences in at least 72% of cases. To define promoter location in query sequences, we use a modification of the TSSW program, which can localize promoter and TSS within several nucleotides from actual location. As shown in the elegant work of Wasserman et al. (19) for human and mouse orthologous genes (genes in two species that have arisen from the same locus of their common ancestor) upregulated in skeletal muscle, 98% of experimentally defined transcriptional factor binding sites are confined to 19% of human DNA sequence that is the most conserved. We used several types of conservative blocks to enhance sensitivity and specificity of the TSSW algorithm, providing pairs of aligned orthologous genomic sequences as input data. Recently, the draft sequence of mouse genome (20) and a gene expression map of human chromosome 21 orthologues in the mouse (21) have been reported. Therefore, this strategy can be applied for promoter prediction of most human and mouse genes.
In this paper, we present the results of our analysis of conservative elements in pairs of orthologous genes of human and related species, and then we show how implementation of these results can be used to improve promoter identification. Finally, we give comprehensive instructions to potential users of PromH.
RESULTS

Analysis of conservative elements in regulatory regions of orthologous genes
There are many research articles that study promoter elements that are conservative in particular pairs of orthologous genes of different species (see 19 and references therein). In this work, we tried to find features that are universal for all PolII promoters and can be used on any pair of orthologous genes. For analysis we took sequences of two groups of genes annotated to have, mostly, TATA and TATA-less promoters, respectively: 21 genes of 'TATA' group (11 human; four otolemur; three mouse; three rat or three human-mouse; three human-rat and five human-otolemur pairs) and 38 genes of 'TATA-less' group (19 human genes and their 17 mouse and two rat orthologues, totaling 19 pairs). Exhaustive information on these genes, including their annotated promoter type and TSS is given in the Supplementary Material (Tables S1 and S3 , respectively). According to available annotations, at least 15 of 21 genes from the first set have known TATA-promoters. For the other six genes, promoter type (TATA þ or TATA-less) is not defined. As to the second set, excluding only one gene (human c-erb2/new) annotated to have TATA-promoter, all genes have annotated TATA-less promoters. Depending on the availability of the DNA sequence, the upstream regions of these genes (2000..CDS start position) have been analyzed. The total lengths of analyzed sequences in the first and second sets are 38 363 and 63 578 bp, respectively.
The full-length sequences of gene pairs have been aligned by the SCAN2 program (http://softberry.com/berry.phtml?topic= scanh&prg=SCAN2), which can align megabases of genomic regions in seconds and can work with several sets of parameters accounting for strong and weak similarity, the latter being very useful for accurate alignment of promoter sequences in orthologous genes. The alignments revealed that general base identity between upstream regions of related genes from the first set is relatively weak: for four pairs, $30%; for five pairs, 40-50% and only for one pair (human and rat MYL3 genes), 61%. In the second set, six pairs have
similarity of 37%; for seven pairs it is within 40-60% range; and for six pairs, !60% or more. At the same time, alignment reveals many blocks with a very high level of conservation. Interestingly, these interspecies conservative blocks are not distributed equally along upstream regions. This finding supports a large volume of literature data indicating a key role of only some domains (blocks) of upstream gene regions in regulation of transcription. Therefore, we expected that such conservative 'islands' would help in more accurate prediction of promoters.
For TATA promoters (set 1) we found four classes of such blocks making meaningful contribution to predicting 'true' promoters. 1. Conservative region of TATA-box (14 bp including TATAbox 4 positions). Seventeen out of 20 'true' TATApromoters have an interspecies conservation level in the region >70% (six of them are identical). For the other three promoters, the conservation levels were 62% (compared to 28% for the whole 5 0 -region), 47% (31%) and very low 25% (30%). 2. Conservative region of TSS (9 bp around TSS). A similar conservation level for regions 2-4 is also observed in TATA-less promoters.
Features in discriminant functions of TSSW and PromH programs
The TSSW program (8) classifies each position on a given sequence as TSS or non-TSS based on two linear discriminant functions (for TATA and TATA-less promoters) with eight characteristics calculated in the (À200, þ50) region around the current position. If the TATA-box weight matrix gives a score higher than some preliminary defined threshold in the region (À40, À25) from current position, then that position is classified based on LDF for TATA promoters, otherwise it will be classified by LDF for TATA-less promoters. For any pair of predicted TSS, located within 300 bp from each other, only the one with the highest LDF score is retained, except for one case: if a lower scoring position is predicted by the LDF for TATA-less promoters near a higher scoring position predicted by LDF for TATA-promoters, then the first position is also retained as a potential enhancer region. To take advantage of the knowledge of conserved elements in 5 0 -regions of homologues genes, we added the following new features to the list of features already used in discriminant function for distinguishing promoters and non-promoters in TSSW: conservativeness levels of regions (i) around TSS and (ii) to the right of TSS (40 bp), (iii) an average conservation level of regulatory motifs located to the left of TSS and, for TATA promoters, (iv) conservation level around TATA-box. These features were implemented in a novel promoter (TSS) prediction program PromH (H stands for homology).
In the case of the prediction of more than one promoter (TSS) with high LDF score and if CDS start is known, the TSS Table S1 in the Supplementary Material. Predicted TSSs in the area from À150 to þ10 for TATA promoters and from À300 to þ100 for TATA-less promoters (in relation to the annotated TSS), were considered as true or reasonable predictions.
closest to the CDS start was assumed as a predicted promoter. But, of course, it might be a choice of user.
Promoter prediction by TSSW and PromH programs
The results of promoter prediction for the TATA-promoter set of genes by the PromH program are summarized in Table S1 of the Supplementary Material. PromH has found 20 of 21 interspecies conservative TATA-promoters (including their TATA-boxes and TSS). Positions of the predicted TSS coincide with annotated pre-mRNA start positions or differ from them by 1-5 bp, and the average discrepancy between predicted and annotated TSS is just 2 bp (just for one predicted TSS, the discrepancy was 105 bp). Regulatory motifs and main components (TATA-box and TSS) of predicted TATA-promoters are very conservative in orthologous genes and these predictions correspond closely to the available promoter annotations ( Fig. 1 ; for other examples of TATA-promoter predictions and their conservative blocks see Figs S1 and S2 in the Supplementary Material).
Of all the TATA-promoters, only for the mouse GLUT4 gene, was a high-score TATA-less promoter located close to annotated TSS predicted.
At the same time, in a few genes, such as m-GLUT4, h-GLUT4 and h-NPPA, some discrepancy between predicted and annotated TSS localization is observed. Such discrepancies may have several explanations. The GenBank annotation for the m-GLUT4 gene includes a putative weak TATA-box, which was never experimentally supported. Our detailed analysis of this region did not find any motif resembling the consensus of the TATA box. More detailed analysis of human and mouse orthologous GLUT4 gene pairs shows that the upstream regions of each gene contain two potential promoters with a very high score (see The conservation level around all four putative (two for every gene) TSS is also very high ($70%). Therefore, we cannot exclude that in this case both promoters are functional. Additional study of occurrences of potential alternative promoters revealed a similar situation for the NPPA genes of human and rat (data not shown). Taking into consideration results of this analysis, it may be concluded that for all 21 genes, 'true' promoters have been predicted by PromH.
For comparison, 15 out of 21 TSS mentioned above were also predicted by TSSW (Table 1; see also Table S2 in the Supplementary Material). At the same time, TSSW did not predict any TSS for genes (ol-HBE, r-MLCIV, r-PGAM2 and ol-HBGG). Finally, for two genes (h-MYF4 and m-MYOG) distances between annotated TSS and those predicted by TSSW were very large, 1066 and 862, respectively. On the second set of mostly TATA-less promoters (this set was not used in learning significant characteristics for PromH), we observed that TSS were predicted in 27 out of 38 genes (see Table S3 in the Supplementary Material), including 14 genes with 0-10 bp distance between predicted and annotated TSS or 21 genes with the corresponding distance < 100 bp. For four genes, the distance was between 101 and 150 bp and for two genes it was >150 bp. Despite a significant discrepancy between predicted and annotated TSS for genes from the second set, these findings might reflect the fact that the TSS of TATA-less promoters are more flexible than those of TATA-promoters (they often have multiple TSS and, usually, are extremely poorly predicted by the available programs). Interestingly, for four genes, instead of the annotated TATA-less promoters we found TATA-promoters with a high conservation level of TATA-box: h-NCX (TATA-box conservation level, 100%), h-RPE65 (80%), m-HIC-1 (45%) and h-neu4 (77%). Compared to TSSW, PromH is significantly more accurate in predicting TATA-less promoters as well (Table 1; see also Table S4 in the Supplementary Material).
WEB availability of PromH and its input and output information
The PromH program is available at http://www.softberry.com/ berry.phtml?topic=promh. To run this program online, two sequences of upstream regions of orthologous genes in FASTA format are required. Initially, downloaded query sequences are aligned by SCAN2. Then a promoter search is performed on aligned sequences, and promoter prediction results are displayed on the screen. Examples of PromH output for TATA and TATA-less promoters are presented in Figs 2 and 3 , respectively.
DISCUSSION
Our results indicate that comparing orthologous genomic sequences substantially improves the quality of promoter identification. In contrast to previous works that mainly focused on groups of specific genes, we found several universal characteristics independent of gene type, which can be used by a general promoter prediction program. These characteristics derived from alignments of orthologous genes using SCAN2 program with parameters to search for weak but significant similarities. SCAN2 was specifically designed for comparing genomic sequences, so it aligns a pair of 10 000-bp 5 0 -regions in a second. Integration of all available information about chromosome locus speeds up the research process of the analysis and cloning of new genes. In many cases, starting with just a fragment of EST with an interesting pattern of expression from micro-array experiments, the scientist can map it to the human genome sequence and computationally produce the exon structure of a corresponding gene. Predicted genes simplify primer selection for full-length cDNA cloning, because most exons are predicted correctly. One of the best resources of such integrated information is the Human Genome Browser developed at UCSC by Jim Kent: http://genome/cse.ucsc.edu/ goldenPath/octTracks.html. Another interactive Java-based Genome Browser was designed by Softberry Inc. and contain most of the public and some proprietary annotation data: http:// www.softberry.com/berry.phtml?topic=ge-hg13. These sites provide information about the known and predicted gene location and mapping of known mRNA and EST sequences, which in many cases provide independent support of location of transcribed gene sequence. This information alone allows us to locate 5 0 -regions of most human genes within 0.2-10 kb fragment. Using these regions, known mouse syntenic sequences and TSSW or PromH programs, we can identify most transcription starts correctly. Recently we have implemented the PromH approach using alternative transcription factor database (TFD) (23) .
We should note that it is the first attempt to use general promoter information from orthologous genes to precisely define the start of transcription. More studies in this direction should be made to confirm our findings on the larger set of gene pairs. Also, analysis of more difficult to predict promoters, such as TATA-less promoters, alternative promoters, promoters of genes with several non-coding exons, which can have TSS dozen thousand bp upstream of the proteincoding region, should be carried out.
Our work demonstrates that using orthologous sequences, we can not only predict promoter regions (0.2-1 kb) as in the earlier work (9), but relatively accurately, within 1-5 nucleotides, locate start of transcription. Moreover, PromH provides not only TSS positions, but also locations of known regulatory elements around it. Taking into account that currently we have just several hundred experimentally supported promoter sequences in human genome, PromH program may be of considerable value for molecular biologists in deciphering regulation of genes encoded in sequenced genomes or interpreting results of expression profiling.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
